The nutrient supply of forest soils is strongly influenced and changed by a number of forest management practices such as the choice of tree species ('biological acidification') and the biomass export (thinning, harvesting). This study investigates the soil chemical conditions of Sitka spruce plantations of different age classes regarding the fluctuations in nutrient supply within a rotation period on nutrient-poor soils, and discusses implications for future forest management.
extensive afforestation with conifers took place all over Great Britain. The restocking of conifer trees reached a peak of more than 90 per cent of all new plantings during the period 1950 to 1970 (Figure 1 ). Conifer plantings partly replaced broadleaved woodlands, especially oak coppice, but more often they were grown on poor pastures, heathlands and mires (Warburg, 1953; Brown, 1974) . Currently, Sitka spruce (Picea sitchensis (Bong.) Carr.), which originates from North America, is the most common plantation tree in Great Britain; indeed, Sitka spruce plantations are the commonest woodland type.
However, research shows that the cultivation of predominantly coniferous tree species combined with plantation management practices such as thinning on a cycle of 20-25 years and clearcutting on a rotation of 50-60 years, have a high direct and indirect impact on the soil nutrient status of the site. The biomass export, which during both thinning and harvesting removes nutrients from the sites, may initiate soil degradation and diminish site productivity, particularly on nutrient-poor soils (Ulrich, 1985) . Further, harvesting procedures have a stimulating effect on the mineralization rate of organic matter owing to disturbances of the soil surface and changes of the microclimate of the site. As a consequence, nutrient losses reach a peak during the first and second year of deforestation (Likens et al., 1970; Glavac and Koenies, 1978; Hüttl and Schaaf, 1995) . The accelerated nitrification rates, which are often associated with whole-tree harvesting (Vitousek, 1981) , result in an increased leaching of both nitrate and exchangeable cations, and acidification is a common accompanying phenomenon. Leaching of nitrate and cations (including exchangeable aluminium on acidic soils) is more highly pronounced on moist sites than on dry or fresh sites (Brais et al., 1995; Nilsson et al., 1995) .
Apart from the management practice, tree species themselves have a small-scale influence on the mineralization of organic matter and the 'biological acidification' of the soil, because of different bark and leaf litter characteristics (Zinke, 1962; Challinor, 1968; Berdén et al., 1987; Côté and Fyles, 1994) , differing root systems (Köstler et al., 1968) , different biocycling of nutrients (Brand et al., 1986; Nordén, 1994) and different tree-precipitation interactions such as stem flow (Gersper and Holowaychuk, 1971; Glavac and Koenies, 1986; Wittig, 1986; Lechowicz and Bell, 1991) , or canopy drip and throughfall (Miller et al., 1976; Ford and Deans, 1978; Miller, 1984a) . It is also known that tree species are affected in their leaf litter properties by the soil parent material (Howard and Howard, 1984a,b,c,d; Miles, 1985) . Generally, coniferous tree species are much more likely to develop a mor layer and podzolize the soil than are deciduous tree species (Miles, 1985; Nordén, 1994) . Furthermore, response and species characteristics are not constant but vary within the life cycle of a tree species. For example, the concentration of nitrogen, phosphorus and cations such as K + and Ca 2+ , the cation exchange capacity (CEC) and the base saturation (BS) in the topsoil (and mostly in the forest litter) are found to be distinctly higher in old-growth forests than in young-growth stands (Alriksson and Olsson, 1995; Entry and Emmingham, 1995) .
Hence, the nutrient supply and cycling of forest soils are strongly influenced and changed by a number of forest management practices such as the choice of the tree species (biological acidification), the biomass export (thinning, harvesting) and species change (Nihlgård, 1971) . Additionally, environmental factors such as acid rain interfere, contribute to soil acidity and accelerate soil acidification processes. The diminution of the long-term stability of the nutrient supply, particularly on nutrient-poor soils, limits subsequent timber production (Rennie, 1955; Tavakol and Proctor, 1994; Cole, 1995) and possibly a subsequent establishment of native tree species.
Since there is increasing interest in planting new woodlands of native tree and shrub species in order to conserve and expand the remnants of semi-natural woods and to reverse past losses of native species in the wider countryside (Rodwell and Patterson, 1994) , the Forestry Commission (1985, 1989) introduced new policies on the management of semi-natural woodlands. It is expected that at least 10 per cent of all new plantings should be of native tree species in forest areas identified for 'special management' (Hibberd, 1991) . These woodlands may be established at least in part by restocking ground that has supported conifer plantations for one or two rotations.
This study investigates the soil chemical conditions of Sitka spruce plantations of different age classes regarding the nutrient supply and fluctuations within a rotation period on nutrient-poor soils, and discusses implications for future management.
Material and methods

Site selection and description
The study is based on composite samples of mineral soils that were collected from 30 plots in Grizedale Forests located between Coniston Water and Lake Windermere in Cumbria, United Kingdom (National Grid Reference SD330490 to SD390490 and SD330499 to SD390499). The bedrock is formed by Silurian rocks of the Windermere Group which mainly consist of mudstones, gritstones, flagstones and sandstones and has been further influenced by Weichselian glacial activities about 15 000 years ago (Moseley, 1990; Dodd, 1992) . All sample plots have been selected on nutrient-poor acidic brown earths (Denbigh series) which belong either to the Lowick Association on the lower ground around Satterthwaite and Grizedale or to the Brantwood Association found on the steep valley slopes (Hall and Folland, 1970; Avery, 1980; Clayden and Hollis, 1984; Jarvis et al., 1984) . Climatically, the Grizedale Forest area is oceanic, being characterized by mild winters and cool summers (Bendelow and Hartnup, 1980) . Table 1 shows data for the mean monthly temperature and average monthly rainfall obtained from the meteorological station at Grizedale.
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larch (P. Brett, Forestry Commission, 1996) and, hence, is in the second rotation. Following the Forestry Commission standard practice for sites on acidic brown earths, it can be assumed that no fertilization of the soil has been undertaken although there is no definitive evidence available (Jarvis et al., 1984) . Plots II-1 and II-2 were probably ploughed using either a single or double mouldboard plough. This technique turns a furrow of approximately 30 cm depth and was common practice up to the early 1980s (P. Brett, Forestry Commission, 1996) . Most study sites probably carry Sitka spruce originating from Queen Charlotte Island provenance, but there is some uncertainty about the older age classes (V, VI). Generally, plantations are thinned after approximately 20-25 years. Thinning also includes brashing, where the branches are sawn off up to a height of 2 m and mainly left.
Semi-natural oak woodlands Sitka spruce casts a shade that can only be tolerated by a sparse bryophyte cover, thus vascular plants are largely absent (Hill, 1979 All six oak-birch woodland sites possess hardly any structure due to the uniformity of the quasi-even-aged canopy and the almost complete absence of a shrub layer. At three sites only the shrub layer consists of Ilex aquifolium L. having a coverage of 5-10 per cent and a height of 0.5-0.8 m.
Sampling
The impact of Sitka spruce plantations of different age classes on soil chemical properties was to be studied, rather than the spatial variability of soil chemical properties caused by tree-precipitation interactions or other environmental factors. At each plot, spatial variability was controlled by pooling about 10 separately taken core samples from the A h -horizon (top 10 cm of the humus-rich mineral soil) into a composite sample (Allen et al., 1974) . As the plots II-1 and II-2 were probably ploughed partly resulting in a reversed soil profile (B-horizon over A h -horizon), core samples from the A h -horizon were collected and from the B-horizon where applicable. For bulk density measurement five core samples (5.8 cm diameter by 10 cm deep) per plot were taken and analysed separately. Humus forms were taxonomically classified following Klinka et al. (1981) . Möller's (1981) humus form index (IHF), which is a simple way to express the humus form of forest soils numerically, was additionally calculated: IHF = A h /(A h +O h +O f ) [cm/cm] , where A h is the A h -horizon (humus-rich topsoil), O h is raw humus and O f partially decayed organic matter.
Laboratory methods
Fresh soil material of the A h -horizon (B-horizon) was used for the determination of the soil moisture content, pH-value, soil colour-value (SCV) notation (Munsell Color Company, 1988) and soil texture determination using the 'finger method' (Hodgson, 1974) . Soil material that has previously been air-dried and sieved (2 mm mesh), was used for the determination of exchangeable cations, extractable phosphate, total carbon and total nitrogen content and loss-on-ignition. Oven-dried (at 105°C) soil material was used for the bulk density measurement.
The fresh moisture and the air-dry moisture contents of the soil samples were determined following Allen et al. (1974) . The air-dried moisture was used for correcting the results to a dry weight basis.
The reaction (pH-value) was determined in a 1: 2.5 [g/g] 'soil-distilled water' and 'soil-0.01 mol/l CaCl 2 ' suspension with a glass combination electrode.
The bulk density of the fine soil fraction was determined gravimetrically by drying the core sample at 105°C to constant weight; stones and roots were removed and the sample sieved (2 mm mesh) beforehand (Kuntze et al., 1983) .
Soil organic matter content was determined by loss-on-ignition (LOI), the percentage of which is calculated from sample weight loss during combustion in a muffle furnace (Carbolite furnace CSF 1200; Allen et al., 1974) . Howard and Howard (1990a) state that LOI may overestimate the organic matter content in soils with dominantly clayey texture because of bound water. However, estimations of the soil texture using the 'finger-method' show that in all Sitka spruce age classes a texture range of silty loam, clayey loam and silty clay is present and has no differentiating influence on the results. The soil texture of the oak woodlands is dominated by sandy loam.
Since the soil pH-value was always less than pH 7, the ammonium acetate method (Ministry of Agriculture, Fisheries and Food, 1987) was suitable for the extraction of K + , Na + , Ca 2+ , Mg 2+ and Mn 2+ . For the determination of Ca 2+ , Mg 2+ and Mn 2+ an atomic absorption spectrophotometer (Perkin & Elmer, 2280 AAS) was used, and for K + and Na + a flame-photometer (S&M Products Ltd., Corning Flame-Photometer 410).
The concentration of exchangeable H + ions was determined using barium acetate as an exchange reagent. After adding two drops of phenolphthalein the filtered extract was titrated with 0.1 mol/l NaOH until a pale red colour occurred (Sticher et al., 1971) .
Exchangeable Al 3+ was measured in nitric acid leachate by a spectrophotometer (Cecil, CE 1010F) according to the guideline for the analysis of soluble aluminium in raw and potable waters by spectrophotometry (Acid Soluble Aluminium in Marine, Raw and Potable Waters, 1988) .
Exchangeable Fe 3+ was measured in potassium pyrophosphate solution by an atomic absorption spectrophotometer following the Instructions of the Environmental Division, University of Lancaster 1995.
The cation exchange capacity (CEC) was defined as the equivalent sum of the exchangeable Na, K, Ca, Mg, Mn, Al, Fe and H ions. Base saturation (BS) was defined as the equivalent sum of base cations (Na, K, Ca and Mg) as a percentage of CEC. The sodium adsorption ratio (SAR) was used to determine the sodication of the soils. The SAR expresses the tendency for sodium cations to be adsorbed at cation-exchange sites in soil at the expense of other cations (heterovalent exchange of cations), and is calculated as: SAR = C Na /√((C Ca +C Mg )/2) [concentrations in mmol 100 g -1 air-dry soil] (van Beek and van Breemen, 1973; Gisi et al., 1990 ). An increase in the percentage of exchangeable sodium can cause soil aggregates to disperse, which closes soil pores and renders the soil impermeable to water (with potential for gleying). Molar cation ratios were calculated in order to show potential nutrient imbalances and potential toxicity of high aluminium and hydrogen ion concentrations in the topsoil: molar ratio of Ca 2+ : H + = 1/2 of equivalent ratio, molar ratio of Ca 2+ : Al 3+ = 3/2 of equivalent ratio, molar ratio of Ca 2+ : K + = 1/2 of equivalent ratio, molar ratio Ca 2+ : Mg 2+ = 1/1 of equivalent ratio.
Phosphate was extracted from soil with sodium bicarbonate solution (pH 8.5); the colorimetric method is based on ascorbic acid reduction of the ammonium phosphomolybdate complex which was measured with a spectrophotometer (Instructions of the Environmental Division, University of Lancaster 1995).
Total carbon and total nitrogen content were determined from all soil samples using an elemental analyser (Carlo Erba Instruments CHNS-O, EA 1108).
Statistical analysis
Mean values and standard deviations of soil chemical variables were calculated for each single age class and the oak woodlands (Table 3) .
Pearson product-moment coefficient of correlation was used to test linear correlation between soil chemical variables considering all sample plots (n = 30) ( Table 4) . Analysis of variance (F-test) was used to make inter-age class comparisons of Sitka spruce plantations and group comparisons of Sitka spruce plantations and oak woodlands with respect to soil chemical variables (Table 5) .
Principal component analysis (PCA) was carried out to search for constructs of soil chemical variables which explain the specific soil chemical conditions in the Sitka spruce plantations of different age classes and oak woodlands (Tables  6-8 ). According to Howard (1991) the most useful eigenvector matrix for general interpretation assessing the importance of eigenvector elements, is the orthonormal matrix. Here, the squares of the elements of each eigenvector sum to 1.0, so that each squared element gives the proportion of the variance in that component which is accounted for by the corresponding variable. As a general rule-of-thumb, Howard takes as important any element that is greater than 0.75 times the largest (absolute) element.
Results
Soil chemical characteristics of plots
The exchangeable cation concentrations and the pH-values that were measured in the A h -horizon of the soils in the Sitka spruce plantations and oak woodlands (Table 3) , are characteristic for acidic brown earths and podzols (Birkeland, 1974; Scheffer and Schachtschabel, 1984) . Also the CEC values of 29-31 mmol/100 g air-dry soil are typical for clayey loams and silty clays (Whitt and Baver, 1930; Scheffer and Schachtschabel, 1984) , which were found to be the most frequent soil textures in the Grizedale Forest area. However, the BS of the sample plots which is only 7-17 per cent, is relatively low compared to BS-values usually found in acidic brown earths of about 40 per cent (e.g. Beyer et al., 1991) or in podzols of about 35 per cent (e.g. Gisi et al., 1990) .
Leptomoder humus form profiles having a high organic matter content in the A h -horizon (LOI 15-30 per cent; SCV 1.7-2), are found to be typical for the Age Classes II, VI and the oak woodlands. Likewise, mormoder humus form profiles show a very high organic matter content (LOI > 30 per cent) and are most common in the Age Classes I, III and IV. The calculated IHF values also suggest moder and mormoder transition forms to be typical for the Sitka spruce plantations, but moder forms to be common for oak woodlands. The IHF, the soil C:N ratio and the soil colour-value (SCV) are largely correlated with each other (Table 4 ; Möller, 1981; Quian et al., 1993) .
The soil organic variables (C:N ratio, LOI, IHF) are positively correlated with the soil bases content, and negatively correlated with the soil acids content, the sodium adsorption ratio (SAR) and the soil pH value, which is within the aluminium buffer range (pH(H 2 O) 3.8-4.2; Ulrich, 1981a) (Table 4) . Moreover, SCV gives a rough estimate on mineralizable N and total N in forest soils (Quian et al., 1993) . Low numbers (1.7-2) indicate high organic matter content and large C:N ratio, which are typical for the soils with mormoder humus forms. Having variable loading, organic matter is an effective ion exchanger and provides a buffer system apart from iron and aluminium hydroxide. Thus, the 256 FORESTRY Significance level: n.s. not significant; P > 0.05; * P ≤ 0.05; ** P ≤ 0.01; *** P ≤ 0.001. LOI, loss-on-ignition; IHF, humus form index; SCV, soil colour-value. SAR value, which describes the tendency for sodium cations to be adsorbed at cation-exchange sites, and the pH value which expresses the H + ion concentrations, are closely negatively related to the organic matter content. These results are consistent with Curtin et al. (1995) who, in a study of Na-Ca selectivity in Chernozemic soils, found that SAR and the organic matter content are significantly negatively correlated. Taken together, these results indicate some hydrolysis of Ca 2+ from organic exchange sites (Curtin et al., 1995) and/or high Al saturation of organic exchange sites (Lawrence et al., 1995) .
Fluctuations of soil chemical conditions across age classes
Most soil chemical variables are found to fluctuate significantly when comparing the age class groups of the Sitka spruce plantations and also when comparing Sitka spruce plantations with oak woodlands. Since the Pearson statistic does not indicate correlation between topographical factors such as altitude, aspect and inclination, and soil chemical variables, it is suggested that the observed differences are likely to be determined by the Sitka spruce stand-soil interaction rather than topographical factors. Additionally, although initial differences of the soil chemical conditions at the beginning of a rotation period cannot be excluded, it can nevertheless be assumed that soil chemical variations are predominantly formed during the stand development since all investigated topsoils (A h -horizon) are found to be largely within the soil stabilization phase at about pH(H 2 O) 4, where high amounts of the loam's disintegratable silica become available (Schwertmann and Fischer, 1982) .
As shown in the Figures 2 to 7 and Table 5 , the concentrations of most soil chemical variables distinctly fluctuate in the course of a rotation period rather than linearly increase or decrease.
The soil pH values (Figure 2 ) are highest in the Age Class II and the oak woodlands, and lowest in Age Class IV. The pH(CaCl 2 ) values are considered to be a good measure of the soil chemical amplitude under proton and salt stress (Ulrich, 1981a) , and, therefore, give a better picture of the actual soil chemical conditions (Gisi et al., 1990) . The deviation of the pH (H 2 O) and pH(CaCl 2 ) values in the Sitka spruce stands are 0.5-0.8 pH units, in average 0.6 pH units. The inter-age class comparison of Sitka spruce stands suggests that the largest pH fluctuations occur within the first 40 years of stand development. Acidity increases as the canopy closes which usually occurs at an exponential rate (Valverde and Silvertown, 1997) , as the litter fall increases and as the soil microclimate becomes less favourable for organic matter decomposition (Miller, 1984a; Miles, NUTRIENT FLUCTUATIONS IN SITKA SPRUCE PLANTATIONS 257 ].
Age Classes: I < 20 years (n = 5); II 20-29 years (n = 5); III 30-39 years (n = 5); IV 40-49 years (n = 5); V 50-59 years (n = 3); VI > 60 years (n = 1); oak woodlands (n = 6). Significant levels: n.s. = not significant; * P < 0.05; ** P р 0.01; *** P р 0.001.
CEC, cation exchange capacity; BS, base saturation; LOI, loss-on-ignition; IHF, humus form index; SCV, soil colour-value.
1985). However, the opening of the stand by thinning (Age Class II) or by maturity (Age Classes V, VI) partly reverses soil acidification processes. Interestingly, the exchangeable soil bases and BS (Figure 3) show opposed fluctuation to the soil pH values (Figure 2 ) and the soil acids (Figure 4 ), but parallel fluctuation to the soil organic matter content (Figure 6 ). The very high content of exchangeable aluminium in the topsoil (Figure 4 ) having higher valency (3) than calcium and magnesium (both 2) or potassium and sodium (both 1), displaces exchangeable bases from organic exchange sites (Lawrence et al., 1995) . Moreover, the organic matter itself shows some specific characteristics with respect to cation adsorption. H + ions are much more strongly bound to weakly acidic groups of organic matter than alkali metal and alkaline earth ions resulting in a soil pH increase. Aluminium and other heavy metal ions (e.g. Fe), however, are selectively bound to organic exchange sites by strong covalent bonding or by chelation forming very stabile metallo-organic complexes (Scheffer and Schachtschabel, 1984) . Consequently, the increase or decrease of CEC ( Figure 4 ) together with changes of the soil pH is stronger at organic exchange sites (i.e. acidic humus) than at inorganic exchange sites (i.e. soil colloids).
Calcium and magnesium both are distinctly less available than potassium or sodium, the latter showing the highest concentrations in the topsoil (Figure 3) . It is likely that these high sodium concentrations result from sea sodium chloride inputs. Also the exchangeable magnesium is expected to be partly of maritime origin. Further, conifers tend to increase exchangeable sodium in the topsoil, but decrease potassium more than hardwoods (Ovington, 1958 ). Presumably, a high portion of incoming sodium cations is quickly leached due to high rainfalls within the Grizedale Forest area ( Table 1) . The largest fluctuations of exchangeable soil bases and soil acids occur within the first 40 years of stand development (Table 5) .
Disregarding the outliers of the molar ratios of Age Class V which are possibly caused by site disturbances, the SAR values and the molar ratios of exchangeable cations show opposed fluctuation ( Figure 5 ). In all, the most unfavourable soil chemical condition occurs in Age Class II which significantly deviates from the other age classes and the oak woodlands (Table 5) . This is mainly due to the low organic matter content ( Figure 6 ) together with high SAR values (Table 4) and high aluminium concentrations in the soil solution (Figure 4) .
The organic matter content (LOI) and the C:N ratio of the Sitka spruce plantations strongly fluctuate approaching the values for oak woodlands ( Figure 6 ). Significant losses of total C and total N are observed in Age Class II (Table 5) which possibly are a consequence of site preparation. Thinning may have led to disturbances of the soil surface and stimulated mineralization processes (Heal, 1979; Harkness and Harrison, 1989) . In summary, in the course of a rotation period of the Sitka spruce stands, distinct fluctuation is found for exchangeable aluminium, and in opposed direction for BS and LOI. Further, with respect to the age classes, fluctuations of soil chemical variables are most pronounced in the beginning of the stand development, i.e. until about 40 years (Age Class I-III). Comparing the Sitka spruce stands with the oak woodlands, the latter usually show higher values regarding exchangeable bases, CEC and pH, and lower values in exchangeable aluminium and iron, and SAR.
The internal H + production ( Figure 7 ) possibly includes atmospheric H + deposition which was not measured in this study. However, in all Sitka spruce plantations and the oak woodland plots, the total proton load of 10-15 mol/100 g air-dry soil is balanced of only 30-50 per cent by leachate output of acidity, predominantly in the form of Al 3+ ions (aluminium buffer system) (Bredemeier and Ulrich, 1992) . The net-nitrification of organic N is the biggest ecosystem-internal potential source of strong acidity (Bredemeier and Marmann, 1992) . Since thinning causes nutrient input (e.g. green needles, wood), changes the microclimate and stimulates the mineralization of organic matter, a distinct increase of internal H + 260 FORESTRY production is found in Age Class III. Moreover, in intensively managed plantations the rapid biomass accumulation and nutrient uptake cause a net flux of H + ions into the soil. Harvesting prevents natural H + consumption which would accompany decomposition (Binkley and Richter, 1986) . The high proton load of the Sitka spruce plantations strongly reflects this situation, because the harvesting of Sitka spruce takes place during the period of accelerating growth.
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PCA-Ordination of Sitka spruce plantations and oak woodlands
The above findings suggest that the soil chemical variables are assigned to a soil 'bases', 'acids' and 'organics' group. Hence, the sample plot ordination for Sitka spruce Age Classes I-IV and oak woodlands using 17 soil chemical variables, was carried out in order to search for possible constructs of soil chemical variables. The Age Classes V and VI were excluded from this analysis due to stand heterogeneity and disturbance. The first two eigenvalues of the correlation matrix account for 62 per cent of the total variance (Table 6 ). Table 7 shows the orthonormal eigenvectors corresponding to the four largest eigenvalues of the correlation matrix. The first component contrasts soil bases (Ca, Mg), base saturation (BS), cation molar ratios (Ca:H, Ca:Al, Ca:K) and soil organic matter (LOI) with the pH(CaCl 2 ) value. This is in strong accordance with the above findings, which have shown for the soils in the aluminium buffer range, that the availability of soil bases increases with decreasing soil pH values, but increases with higher organic matter content (Table 4) . Hence, the first component describes an increase of favourable soil chemical conditions, namely an increase of exchangeable soil bases and soil organic matter. The second component is dominated by the cation molar ratio of Ca:Mg and exchangeable aluminium which both have positive loading. It is known that high concentrations of aluminium ions in the soil solution interfere with magnesium ions, hampering the plants' magnesium uptake by blocking Mg 2+ channels in the plasmatic membranes (Umweltbundesamt, 1997) .
Percentage of total variance ---------------------------
The third component is dominated by exchangeable hydrogen. The fourth component is essentially a contrast between the CEC and available phosphate. Exchangeable aluminium ions are the main compound of the CEC. Moreover, the main fraction of the organic phosphorus forms inosite phosphates which are difficult to break down due to chelation with cations such as Al 3+ and Fe 3+ , and, consequently, accumulate in the topsoil (Gisi et al., 1990) .
Hence, both the analysis of the fluctuation of the soil chemical variables and the sample plot ordination assessing the importance of soil chemical variables at the plots strongly emphasize three major groups of interacting soil chemical variables: (1) soil bases (including Ca, Mg, BS, CEC, cation molar ratios); (2) soil acids (including Al, H, pH); and (3) soil organics (including LOI, P). Figure 8 shows the first two component axes of sample plot ordination suggesting more or less Table 7 : Orthonormal eigenvectors corresponding to the four largest eigenvalues of the correlation matrix which is based on 17 soil chemical variables and considers Sitka spruce plantations of different Age Classes (I-IV) and oak woodlands fluctuating soil chemical conditions. Comparing the four age classes of Sitka spruce plantations, the plantation system is found to oscillate between an increase of exchangeable soil bases and soil organic matter, and an increase of exchangeable aluminium. The amplitudes of this oscillation are largest in the first 40 years of stand development. Then, the soil chemical conditions of Sitka spruce stands shift towards that of the oak woodlands. The oak woodlands also seem to suffer some soil chemical stress due to high concentrations of exchangeable aluminium in the topsoil. However, they can still be regarded as a reference point or target for the establishment of new broadleaved woodlands, since they are positioned closer to a targeted quasi-equilibrium status. The Age Classes I, II and III are significantly differently distributed at the first component, whereas the Age Classes III and IV deviate significantly at the third component with respect to the H + concentration (Table 8 ). The comparison of Sitka spruce plantations and oak woodlands shows significant differences at the first component for Age Class II only. However, in accordance with findings by Ovington (1958) Sitka spruce plantations significantly differ from oak woodlands regarding available phosphate, which is found to be higher in the plantations.
Discussion
Soil nutrient availability in the presence of high aluminium concentrations
The interplay of soil bases, soil acids and soil organics has been shown to be of crucial importance for the development of the Sitka spruce plantations in the Grizedale Forest area and, possibly, for subsequent broadleaved tree establishment. Since all investigated soils of the Sitka spruce plantations are within the aluminium buffer range (pH < 4.2), Al 3+ is the key ion, being in equilibrium simultaneously with soluble polymer aluminiumhydroxo-cations and exchangeable Al. These equilibria are found to be affected by:
• the activities of exchangeable cations belonging to the soil bases group (Adams, 1971; Bredemeier and Ulrich, 1992 ); • the quantity and quality of soil organic matter (soil organics group); • soluble soil phosphates forming insoluble AlPO 4 (pH 3.5-4.4) (Ulrich and Khanna, 1968) , and inosite phosphates due to the high amount of acidic humus in the topsoil forming stabile metallo-organic complexes (Gisi et al., 1990) .
Empirical studies of Miller and colleagues (Miller et al., 1976; Miller, 1984a) on the nutrient input through canopy drip and throughfall in a Corsican pine plantation and a Sitka spruce stand in Scotland show that crown leaching and washed down aerosols considerably contribute to the nutrient supply of sodium, magnesium, potassium and calcium. However, due to Al interference deposited nutrients are probably not available for the Sitka spruce stands in Grizedale Forest.
Dissolved Al in the mineral soil is very likely to be transported into the topsoil in regions where forest soils receive acid deposition and have well developed organic layers (such as the mormoder 264 FORESTRY Significance levels: n.s. not significant; * P < 0.05; ** P р 0.01; *** P р 0.001.
humus profiles of the Sitka spruce plantations) overlying the mineral soil with an inherent low base saturation. Bredemeier and Ulrich (1992) showed that hardly any free aluminium appears when the base saturation (BS) is above 15-20 per cent. Below 15 per cent BS, as was found in the Sitka spruce plantations (BS 7-17 per cent) and the oak woodlands (BS 12 per cent), dissolved Al will become increasingly important. The highest concentrations of exchangeable Al 3+ are found at pH(H 2 O) < 4 (Table 3 ). There, aluminium occurs in the form of soluble polymer aluminiumhydroxo-cations being released from soil colloids and reaching a maximum in the soil solution. Iron hydroxides become more dominant at pH(H 2 O) 3 and below. According to Lawrence et al. (1995, p. 164 ) the mobilization of Al in the mineral soil has significantly contributed to a decrease of root-available Ca in the topsoil and, consequently, to nutrient imbalance by:
• Reducing the uptake of Ca from the mineral soil that could be biocycled into the topsoil. A high concentration of Al 3+ ions in the soil solution has an antagonistic effect on the uptake of Ca 2+ and Mg 2+ ions and can lead to calcium and magnesium deficiency (Table 7 , component 2; Göransson and Eldhuset, 1991; Tomlinson, 1993; Ke and Skelly, 1994 ).
• Providing a supply of reactive Al, that when transported into the topsoil, exchanges with Ca, enabling the latter to be leached. Moreover, the complexation of metal ions in acidic humus (chelation) is an additional important source for hydrogen ions, because Al 3+ or Fe 3+ have a higher affinity to organic acids than hydrogen ions (van Breemen et al., 1983; Asp and Berggren, 1990; Falkengren-Grerup and Tyler, 1993; Gerke, 1994 ).
• Increasing Al saturation so that the number of exchange sites available for adsorbing added Ca is reduced, because Ca has minimal ability to displace adsorbed Al.
In the long term, a strong imbalance in exchangeable cations and resulting instability in the nutrient supply will diminish site productivity and lead to forest decline.
The molar Ca:Al and Ca:H ratios are useful criteria for the characterization of nutrient imbalance (particularly of Ca) in Sitka spruce plantations and the potential toxic impact of high aluminium and hydrogen ion concentrations on the fine root system of spruce (Figure 7 ; Koch and Matzner, 1993; Lawrence et al., 1995; Umweltbundesamt, 1997) . The toxicity threshold value of the molar Ca:Al ratio at which fine root damage was observed for Norway spruce, is between 1.0 and 0.3 (Rost-Siebert, 1984; Ebben, 1990; Göransson and Eldhuset, 1991) ; at values below 0.1 the fine root growth was reduced by 60 per cent. Root growth damage was also recorded at the molar Ca:H ratio < 0.1. The extremely low molar Ca:Al values found in the Sitka spruce plantations (0.02-0.17; Table 3 and Figure 5 ), suggest that fine root damage cannot be excluded. The molar Ca:H ratio regularly reaches values below 0.1, and also indicate damaging conditions for fine-root growth.
A reduction of the soil structure stability probably occurs in Age Class III, where a significant increase of soil magnesium and hydrogen concentrations together with decreasing pH-value was observed. This observation suggests that below pH(CaCl 2 ) 3 one can expect the disintegration of Illite to have started (Birkeland, 1974; van Breemen et al., 1983; Ulrich, 1985) .
The soil reserve of nutrients (N, P, Ca, Mg, K) in the topsoil is significantly higher in old growth Sitka spruce stands (> 50 years) and in the oak woodlands than in young-growth stands (Table  3) . These results are consistent with the work of Alriksson and Olsson (1995) who studied soil chemical changes in different age classes of Norway spruce stands on afforested farmland, and of Entry and Emmingham (1995) who investigated species-rich broadleaf/conifer mixed stands on nutrient-rich soils.
Fluctuating nutrient release
Nutrient demands and turnover times within a natural or managed forest system cannot be regarded as static or constant. This has clearly been shown by the fluctuating release of soil bases, soil acids and soil organics. Heal (1979, p. 280) suggests a general sequence of decomposition in conifer plantations in the course of a rotation period: Heal's decomposition pulses are in accordance with the 'Nature's pulsing paradigm' proposed by Odum et al. (1995) who distinguish between physical external pulsing and biological internal pulsing.
Forest management practices such as biomass export (brashing, thinning, harvesting), site preparation (ploughing, fertilizing), the choice of the tree species or species change can be regarded as strong external pulses which can lead to a loss of nutrients from the system, the disruption of nutrient cycling and uptake (asynchronization), or imbalances in the nutrient status. The temporal and spatial decoupling of the ion cycle causes 'acidification pushes' in exchange with 'deacidification phases' (Ulrich, 1981b) which are possibly the underlying mechanism of the fluctuation of soil bases, soil acids and soil organics contents at the sample plots (Figures 3-6) . The absence of a well developed herbaceous stratum in Sitka spruce stands increases asynchronical effects (Rapp, 1992) , whereas the herbaceous stratum of the oak woodland manages and maintains the nutrient reserve, both on a seasonal and pluri-annual time basis (Nilsson et al., 1995) . However, a developed forest floor is still often regarded as an unwelcome competitor to the crop especially on nutrient-poor sites which are found to be more susceptible to growth reduction in a following rotation than richer sites (Cole, 1995) . On whole-tree harvested plots Proe and Dutch (1994) recorded significantly lower mean tree heights of Sitka spruce for the first 10 years in a second rotation.
Internal pulsing (e.g. the successional sequence of growth or decomposing) is more pronounced in uniform stands such as conifer plantations than in irregular structured (i.e. mixed aged, biodiverse) stands such as natural forest ecosystems. In the first two decades of stand development, the forest system reorganizes itself by net accumulation of nutrients into tree tissue (Miller, 1984a; Bormann and Likens, 1994) . The subsequent aggradation phase usually lasts more than a century and is followed by a transition phase of a variable length of time during which total biomass declines, and finally by a steady state when total biomass fluctuates about a mean. Malcolm and Ibrahim (1993) who studied the development of Sitka spruce stands in Scotland by an age series of 4-12 years, found increasing allocation of carbon to stem and branches with reduction to the foliage, the foliage N still accounting for more than 60 per cent of the total N uptake. Age Class I (13-year-old stands) is clearly still in this reorganization phase accumulating living biomass. Sitka spruce stands older than 20 years (Age Classes II-VI) are in the aggradation phase accumulating total biomass. These stands are usually harvested during the period of accelerating growth, i.e. when the stands reach a maximum biomass increment in the 50-60th year (Bradley, 1982; Hibberd, 1991) . With respect to the internal H + production ( Figure 7 ) it has already been pointed out that in intensively managed plantations the rapid accumulation of total biomass during the aggradation phase causes a net flux of H + ions into the soil which is not consumed by decomposition due to the time of harvest.
Hence, it can be assumed that these external and internal pulsing mechanisms act additionally or even synergistically in Sitka spruce plantations. They are further modified and/or intensified by previous and actual acid deposition stimulating the release of Al and the leaching of nutrients as outlined above. Likens et al. (1996) and Kaiser (1996) point out that the loss of large quantities of calcium and magnesium from the soil complex (Figure 3 ) cannot be balanced by weathering processes replenishing the pool of available calcium in the near future. In fact, despite a number of British and global environmental initiatives (Tolba and El-Kholby, 1992; Young, 1993) regarding the reduction of atmospheric pollution it must be kept in mind that soil recovery in response to any decrease in acid deposition will be delayed significantly.
Natural forest ecosystems with irregular structure have the ability to resist displacements caused by stressors because of accumulated 'structure' (e.g. large nutrient storage, long turnover times, large amounts of recycling). However, even-aged stands such as conifer plantations show a resilient behaviour by returning to a reference state when once displaced due to external pulses, reflecting rapid turnover and recycling rates (Webster et al., 1974) . Therefore, repeated exposure to the same stress, i.e. the same external and internal pulses (including acid deposition and/or their after-effects), can cause reduced system stability or even lead to a system breakdown (Rapport et al., 1985) .
Conclusions
In a forest ecosystem, environmental changes and the resulting fluctuations (pulsation) of nutrient release may be necessary to maintain high rates of nutrient mineralization, plant uptake and forest productivity. However, in conifer plantations on nutrient-poor sites, asynchrony between nutrient mineralization and plant uptake as directly and indirectly caused by forest management practices such as 50-60 year rotation and uniform conifer stands together with increasingly pronounced resilience behaviour in further rotations can lead to significant loss of nutrients from plant-available pools. The asynchrony can also result in nutrient imbalances and toxic soil phenomena due to the release of high amounts of reactive aluminium causing root damage which possibly make subsequent broadleaved woodland establishment difficult.
In view of the fact that within the next two to three decades most of the actual conifer plantings will be harvested (Figure 1) , considerations have to be made on how to maintain the long-term nutrient stability of the managed forest system. The evaluation of sustainable management practice will become increasingly important, not least because of environmental and economic constraints, and the increasing demand for forest products.
In order to minimize external and internal stress phenomena in forest stands, to improve already diminished site productivity, and to preserve the feasibility of subsequent broadleaf restocking on previous Sitka spruce plantations, the following changes in forest management practice are proposed:
• Extending the rotation times of conifer plantations to allow (a) for the extensive consumption of H + ions which have been released into the soil during the aggradation phase of stand development; (b) the system to regain, by natural processes, soil nutrients and soil organic matter which have been lost as a result of harvest and soil disturbance during clear-cutting (Bormann and Likens, 1994) ; and, hence, (c) the soil nutrient status to return at least to pre-cutting levels or, where possible, even to approach nutrient levels of potentially (semi-) natural forest systems. There is some evidence that, in the absence of air pollution (especially acid rain), over long rotation times conifer plantations do not show distinct soil degradation at potentially broadleaved woodland sites (Ellenberg, 1996) . • The introduction of the 'continuous cover silvicultural system' which favours an irregular structure and more biodiversity, in order to replace the 'even-aged, clearfell/replant system' (Yorke, 1995) . Ideally, an irregular structured system consists of a mosaic of desynchronous stand development phases ('mosaic cycle concept'; Remmert, 1989) including different biomass accumulation phases (Bormann and Likens, 1994) and different species compositions. In order to develop these structures cutting should be kept to a relatively small scale by applying, as appropriate, group/small-scale cutting, single tree selection, and strip-cutting on upland sites. Strip-cutting has been shown to reduce nutrient losses significantly (Bormann and Likens, 1994 ).
• The choice of tree species favouring native broadleaved tree species in order to extend native woodlands as well as mixed broadleaf-conifer stands, and to increase forest structure and biodiversity. The ameliorating effects of many broadleaved tree species are well known (Miller, 1984b; Miles, 1985; Binkley and Richter, 1986; Howard and Howard, 1990b) and should be considered when replanting and/or regenerating naturally.
• The consideration of the life cycle of trees, and the associated nutrient turnover and cycling of the site (Miller, 1984a) .
